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I. INTRODUCTION 


A. BACKGROUND 

Fiow visualization studies are conducted in two different 
facilities: (1) a curved rectangular channel with 40 tol 
aspect ratio and (2) a straight rectangular channel with 40 
to 1 aspect ratio and imposed bulk flow unesteadiness. 

de Curved Channel Flow 

The 40 to 1 aspect ratio curved channel is used to 
study and visualize Dean vortex flow. Other flow 
visualization studies in the same facility are described by 
Bella (Ref. 13, Niver (Ref. 23 and Baun (Ref. 3). The flow 
visualization experiments undertaken here are intended to 
provide additional information on the time variation of the 
fiow. Photograph sequences are obtained to show the detailed 
timewiese development of vortex pairs. 

To obtain these sequences, a video camera ic used to 
photograph the flow in the curved channel and still 
photooraphe of the individual video frames are then taken. 
Using thie technique, ecequences of photographe are obtained 
spaced 1/30 second apart. The flow is contaminated, such 
that it may be visualized, by burning hickory and mesquite 
wood chips in the same smoke generator used by Niver (Ref. 
ag The flow visualization experiments conducted are for a 


range of Dean numbers (De) from 60 to 200 and for a range of 


angular positions from 85° to 175° measured from the start of 
curvature. 
Ze Straight Channel Flow with Imposed Unsteadiness 

No experiments have been undertaken so far to study 
effects of periogie unsteadiness on laminar/turbulent 
transition in a 40 to 1 aspect ratio estraight channel 
(Ligrani and Subramanian (C(CRef. 4]). Numerical simulation 
results are given by Singer, Ferziger and Reed (Ref. Sl. 
These results indicate that imposed einusoidal flow 
oscillations provide a stabilizing effect at all but very low 
frequencies in plane channel flow at amean Reynolde number 
(Re) of S0OO0o. At moderately low frequencies, oscillationge in 
the channel can initiate nonlinear effects which trigger 


transition in flow regimest where the steady flow remains 


laminar. 

Prior to the flow visualization, the straight chanmeg 
was assembled and made operational. The device used to 
impose periodic unsteadiness was also qualified from 


inetantaneoue velocity traces measured using a hot-wire 
probe. Thie probe was ingsgerted into the sidewall of the 
channel upstream of the unsteady device. Mass flow rate igs 
determined from the pressure difference across a 1.5 inch 
orifice plate inserted in the piping between the exit plenum 
and blower. 

Flow visualization experiments are undertaken 


utilizing the same video techniques used for the curved 


channel. Flow is visualized using the smoke wire technique 
described by Siedband (Ref. 6]. The flow visualization 
experiments conducted are for a range of Reynolds numbere 
from 1400 to 8400 and for a range of Strouhal numbers (Str) 


from 0.004 to O.047. 


B. OBJECTIVES 

The objectives of this thesis are: 

3 ae To provide photographic documentation of the timewise 
development of flow etructure at 1/30 second intervale in a 
40 to 1 aspect ratio curved channel over a range of Dean 
numbers and streamwigce poesitione. 

<. To provide photographic evidence of flow development 
in a 40 to 1 aspect ratio straight channel with imposed bulik 
flow unsteadiness over a range of channel Reynolde numbers 


and Strouhal numbers. 


ec. ORGANIZATION 

Supsequent to thie introduction, Chapter II discusses 
experimental facilities. Chapter III discusses experimental 
procedures for the curved channel and the straight channel. 
Here, channel operation, the smoke qenerator, and tflow 
visualization techniques are described. Chapter IV details 
the flow visualization results obtained from the curved 
Channel and etraight channel. Chapter V gives a summary and 


conclusions. 


gGLo EXPERIMENTAL FACILITIES 


A. CURVED CHANNEL 

The 40 to 1 aspect ratio curved channel is located in the 
laboratories of the Department of Mechanical Engineering of 
the Naval Postgraduate School. A schematic and a photograph 
are shown in Figs. 1 and 2, respectfully. As discussed by 
Ligrani and Niver (Ref. 7], the curved channel igs designed 
and constructed especially for flow visualization. The 
inside dimensione and cross-sectional area of the channel are 
the same along ite entire 6.77 m Ilength. Side wall, 
longitudinal, and crogs-beam supports are used to support the 
upper and lower walle e20 that the inside dimenseione and their 
tolerances at any streamwise location are 1.27 + 0.015 cm for 
the height and 30.80 + 0.03 cm 107 the sae The taci aia 
was constructed by McNeal Enterprises, Inc. of Santa Clara, 
Catviornia. 

The lip at the channel inlet if constructed of quarter 
circumference sectionege of 15.2 cm outside diameter pipe. 
Following this ie the 25.4 cm xX 50.8 em rectangular inlet 
section for flow management, consisting of a honeycomb 
followed by three screens stretched across the cross section. 
Following the last screen i8s a 20 to 1 contraction ratio 


nozzle, whose contour if given by a fifth-order polynomial. 


eatin thie nozzle, flow entere the 40 to 1 agepect ratio 
channel. The firet part isa 2.44 m long eaetraight duct. 
After the setraight channel, the flow entere the curved test 
section. The concave interior duct surface (as the flow sees 
it) has a radius of curvature of 60.96 cm and the convex 
surface has a radius of curvature of 59.69 cm. At the end of 
the curved portion of the channel, the air enters another 
2.44 m long straight duct. At the exit are four screens and 
a honeycomb used to isolate the channel flow from any spatial 
nonuniformities in the outlet plenum. A 45.7 cm long 
diffuser, having a total angle of 3°, is also used to provide 
some pressure recovery just prior the exit plenum. 


The blower/piping system attached to plenum 1 is 


connected to a blower (see Fig. 1 which is an ICG 
Industries 10P type. This blower produces 10.2 cm of water 
vacuum at 4.82 m?/min volumetric flow rate. Plenum 2 is used 


to mate the 14.0 cm diameter blower inlet to piping without 
Significant pressure losses, and additionally helpe isolate 
the channel from unsteadiness caused by the blovwer impeller. 
Dean numbers between 20 and 220 are obtained using this 
blower/piping arrangement. 

Flow rate changes are made by throttling valve 1 just 
upstream of plenum 2 (see Fig. 1) while bypass valve 2 is 
kept fully open. Any flow rate or Dean number is set by 
referring to the pressure drop across an ASME standard 1.5 


maem Orifice plate. 


Additional details and description of the transparent 
curved channel are given by Ligrani and Niver [(Ref. 71 and 


Niver {Ref. 2]. 


B. STRAIGHT CHANNEL 
BEE Channel 

The 40 to 1i aspect ratio straight channel is located 
in the laboratories of the Department of Mechanical 
Engineering of the Naval Postgraduate School. A schematic 
drawing is shown in Fig. 3, with photographs shown in Figs. 
4>6'; Ae diesecussed by Ligrani and Subramanian (Ref. 4], the 
Channel is made of 0.635 cm thick plexiglass with a straight 
eection 4.27 m (14 £t) in length, with inside dimensions of 
1.27 em in height and S@780 "em in veo It if supported by 
ribs and cross beams along its length. Three longitudinal 
(in the direction of the sirflow) ribs made of 1.2/7 em 2 
cm polycarbonate are placed along the lenaoth of the channel 
On the sides. The side walls are removable in order to gain 
access to the inside of the channel. The facility was 
constructed by Jay-Edmund Enterprises of Sandpoint, Idaho. 

The lip at the channel inlet is constructed of half 
circumference sections of 15.24 cm outside diameter pipe. 
The lip is attached to a 25.4 cm x 50.80 cm rectangular inlet 
section with flanges, which is 15.24 cm in length to house a 
honeycomb assembly. This is followed by three 1.27 cm x 


50.80 cm framee with flanges, 10.16 cm in length each. 


Screene are stretched across the crose section between these 
three framee. Following the last screen is a 20 tol 
contraction ratio nozzle, whose contour is given by a fifth 
order polynomial. 

At the exit of the 4.27 m long test section are 10.16 
cm long frames with flanges for screens, honeycomb and the 
unsteady device. Next, a two-dimensional diffuser 45.72 cm 
long with 3.0° total angle is located just upstream of the 
plenum chamber. The plenum chamber inside dimensions are 
Senso cm x 60.96 cmx 60.96 en. it iesmece sot s0;,9525 cm 
thick acrylic except for the one removable wall which is 1.27 
em thick. In order to meter the flow, a 1.5 inch orifice 
plate ageeembly between the plenum chamber and the blower ie 
installed. A 5S H.P. blower is employed to induct flow into 
the channel by depressurizing the plenum below atmospheric 
pressure. 

The channel is designed such that transition occurs 
after the laminar flow is fully developed. Initial flow 
development length is minimized eince the overall length of 
the test section ie reetricted by physical space limitations. 
For a channel Reynolde number of 2741, the flow becomes fully 
developed after 1.524 m of development length measured from 
the exit of the inlet nozzle (Reynolds number is based on 
Channel width and mean velocity). For theee conditiong, 
64.3% of the test section if then fully developed. Tais 


fully developed region is then used to etudy the variation of 


the transition zone either as Reynolds number or flow 
disturbance level is varied. 
Ze Unsteady Device 

The most important design agepect of any unsteady 
device is the production of controlled deterministic and 
periodic unsteadiness without additional flow disturbances. 
To achieve this in an open circuit induction channel, the 
unsteady device is best located just downstream of the test 
section. This way, wakes and other flow disturbances from 
the unsteady device are not convected into the test section. 

The present design is shown in Fig. 7, and isc based 
On a desigqn described by Miller and Fejer {Ref. BJ. A 
photograph of the present device if shown in Fig. 8. Sings 
the depth of the channel is only 1.27 em, a eingle rotating 
vane ise used to introduce the required unsteadiness into the 
flow. The vane ics driven through a epur gear train by a DC 
etepper motor. The frequency of the imposed oecillations is 
controlled by varying the vane rotation rate; the amplitude 
of the imposed unsteadinescs is altered by using different 
vane widths. The vane in Fig. 7 is made of a 4.3175 cm thick 
brass strip with rounded edges, and spans the entire width of 
the channel. The vane is supported at the ends by a .3175 cm 
diameter shaft and bushings that are fitted to the side walls 
of the frame. One end of the shaft is extended to 
accommodate a 48 TPI (Threads Per Inch) spur gear. This gear 


de driven by a driver epur gear with 12 TPI, which is mountec 


eee SUperTIOor Eectric, MNOS2-FD3IGO Stepper Motor ehaft. A 
photograph of the unsteady device alongside the motor is 
Bimawn in Fiac. 9. The uneteady device fully aeeembled and 
inetalled in the channel ie shown in Fig. 10. Fig. 11 ehowe 


@ photograph of the controller and drive eyetenm. 


'D 


Fit. EXPERIMENTAL PROCEDURES 


AS CURVED CHANNEL 

The procedures ueed to set-up the curved channel and 
obtain flow visualization videos and photographs are now 
deecribed. 

a Channel Operation 

The first estep ie to choose a Dean number at which 

the flow visualization results are to be obtained. Once re 
Dean number if chogen, the pressure drop acrose the 1.5 inch 
orifice plate, used to meter the flow, is estimated using a 
plot of pressure drop vs. Dean number from Niver (Ref. 2: gp. 
S203 Valve i (Fig. 1) is then adjusted until this estimated 
pressure drop is read on the Merian SC-1213 manometer. The 
actual reading from the manometer is then entered into the 
computer program "DEAN13" contained in a Hewlett Packard 
9000 Series computer. The true value of the Dean number is 
subsequently calculated by the program, taking into Seeeume 
ASME flow coefficients ae well as the ambient temperature to 
Calculate air density. If the Dean number is not close 
enough to the one desired, the procedure if repeated. With 


the appropriate flow rate in the curved channel, flow 


visualization experiments are begun. 
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Zs Smoke Generator 

The emoke generator used is deecribed by Morrieon 
Meer. 9), Niver (Ref. 2) andebigqrant and maver CRef. 71). A 
echematic is shown in Fig. 12. Smoke ig produced by burning 
Hickory and Meequite wood chips ina 7.6 cm diameter, 40.6 cm 
long vertical eteel pipe. Combustion is initiated by 
energizing a nichrome wire heating coil at the bottom of the 
Serumn of *wood chips. The mixture of Hickory and Mesquite 
produces dense, white emoke, easily visible against the dark 
background paper uvueed to line the outeide of the channel 
conver eurface. The emoke exits the eteel pipe and passesc 
into a large glass jar which is followed by a cooling system 
consisting of two coiled tubes surrounded by flowing water. 
The dar collecte combustion particles and water vapor after 
thev are separated from the emoke in the cooling syetem 
located above. The emoke then paseed into a rubber hose and 
then to a smoke rake located at the inlet to the curved 
channel. Thi¢e rake provides steady, laminar jets of smoke as 
it des directed into the channel inlet. A low pressure air 
etream ie provided into the steel pipe for combustion and to 
force the smoke through the seyetem. 

With the generator, emoke ie produced for as long as 
ten minutes. The best resulte are obtained when juet enough 
emoke is produced to fill the lower half of the nozzle at the 


Channel inlet. The emoke ifs denee, cool, ena in jsuifietent 


}—~— 
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quantity to permit detailed observatione of the flow 
structures under study. 
oe Flow Visualization 
a. Video Procedures 

cir) Camera. The video camera used for flow 
visualization is the Sony DXC-M3 with Fujinon-TV-Z 1215773. 
140 mm DCL-S14BY zoom lense connected to a Sony V0-6800 
portable videocassette recorder and Sony CMA-8 camera 
adapter. This video camera ifs used because of ite ability to 
image 30 framee per second. Camera position ig shown in Fig. 
Lae For best reeults, the gain of the camera ig get at 9 and 
filter number 1 is used. The lens if eget to the macro 
eetting Demet ocus ii. Sony KCS2OQBR videocagegette tape is 
veed for the flow visualization videos. The video camera is 
mounted on a Fairchild Camera & Inetruments Corporation 
(Inductrisaierroducta Divietome: Model Hs2a3 tripod “Ger 
etability and to maintain focus. Ase shown) in] ele i3, ihe 
video camera is oriented witn its viewing direction at an 
angle of about 90° with respect to the direction ot the Tassie 
source. With thie orientation, the camere views the flow as 
it moves away from the observer. Flow visualization patterns 
are recorded for one full minute for each experimental 
Corneal tVer 

(2) Lighting. A General Radio Type 1531-A 
Strobatac strobe light is ueed to illuminate the flow age 


vieual observations and photography are undertaken. If the 


Be 


ah 


video camera and etrobe rate are not at the same frequency, a 
moving line will appear on the video viewing screen. To make 
thie line disappear, a strobe rate of approximately 3600 
flashes per minute is used. The strobe i8 mounted near the 
center of curvature of the channel walls with a Rodenstock 
XR-Heligqgon collumator lens having a 75 mm focal length 
meeated yuet in front, ae indicated by Fig. i383. The lenge and 
strobe are adjusted so0 that light is in focus on a2 “mm x 
46.0 mm slit located S ecm off the channel centerline on a 
liner on the outside of the convex part of the curved channel 
surface. Thie dark colored liner minimizes reflections and 
earay@liaght. The strobe and lens agesembly is mounted so that 
it can be pivoted and clamped to illuminate any angular 
position on the curved test section. With thigse eyetem, a 
well collumated light sheet is produced for visualization and 
photography in spanwiee/radial planes at any one of a variety 
Seeeangular poeitions epaced 5S° apart from O° to 185°. Thige 
strobe liqht orientation system ifs the same one used by 
Meorani and Niver (Ref. 717. 
Be Stile  hnoctographny FProgedures 

a) Video Playback. Once the flow 
visualization ig video taped, it is played back on a Sony 
VO-5800 videocassette recorder connected to a Sony PVM-1910 
ierni tron color video meni tor. The sony. VO=-Ss600 
videocassette recorder has a scanning feature which allows 


viewing in a number of modes including fast/slow forward, 


fast/elow reverse, or stop frame viewing. This last mode ig 
used for the etill photography. With this feature, ite 
poseible to view individual video visualization photographs 
which are epaced 1/30 second apart. 

CZ) Camera. A Nikon F-3 SLR camera body wage 
attached 35 mm, £2.8 lene is uged for the still photography. 
The camera if mounted on a tripod for stability “aneuee 
maintain proper focus, and positioned approximately 50.8 cm 
froamethe TV eencens The camera ig focused on the stopped 
frame image appearing on the egcreen as shown in Fig. 14 which 
illustrates the i etill phetaegraphs. eceu-ig- 

es) Ligh titania: For the still photographs the 
video playback equipment and etill camera are get up in a 
rocm® without any natural Grane ceurec. All artificial Diam 
saurces are turned off sa that all lighting if provided Giaew 


the TV screen with the brightness turned down all the way. 


é 


To chooge the corweet camera settings for the etill 
photography, a test roll of Kodak Tri-XK pan, 400 ASA film wee 
then taken for camera f-stop esettingse from 2.8 to 8a 
camera epeeds from 1/2 to 1/30 of a second. From these 


tests, the optimal camera f-stop and speed were found to be 


£5.6 and 1/8 eBecond, respectively. 
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B. STRAIGHT CHANNEL 
Mie procedures wueed to set-up and ~aquelify the etraight 
Channel and obtain flow vieualization videos and photographs 
are listed ae follows: (a) calibrate the eystem for 
determining mages flow rate and velocity through the channel, 
(2) measure inetantaneous velocity traces using a single 
hot-wire probe, (3) utilize a smoke wire and (4) perform flow 
visualization experiments. 
ie Mass Flow Rate and Mean Velocity 
a. Measurement 

Mace flow rate through the channel is determined 
from measuring the pressure difference across a Ama sh gies! ol 
@eatice plate. The computer program "DEAN15" is used to 
calculate the mages flow rate from the measured preesure drop 
across the orifice plate. Flow rate if altered by adjusting 
the valve downetream of the orifice plate (see Fig. 3). 

Ey Coe ebb s ton 

rigs; IS-17 ehow plots of masse ewe Sole ce 
velocity and Reynolds number versuc oritice pressure drop, 
delta P, for delta P less than 2.25 inches of water. Pare es 
18-20 ehow plote of the same quantities vereus orifice delta 
P for delta P values greater than 2.25 inches of water. Figs. 
mes ehow plote of masse flow rate, velocity and Reynolds 
number vereuve plenum delta P for two rune with sa iS irenh 


Seema ce plate ~and one run with a 2 ineh orifice plate. The 


}~» 
on 


data from these three sets of test agree, which validates the 
experimental procedures employed. 
Dae Inetantaneous Velocity Traces 
a. Hot-Wire Probe 

A DANTEC Electronice Ine, 2 PSL prebewiae 
employed. Seneor diameter ie 5.0 pm and gensor length is 
about 2.0 = mm. For measurements, the probe is placed 
approximately 3.791 m from the beginning of the test section 
C(x 7a = 298.5, where » is measured from the nozzle exit). At 
thie streamwige location, the probe is 8.255 cm from the left 
inside wall of the channel (locking downstream), as shown in 
Figs.) 24 and #2. 

Be Hot-Wire Probe Operation sndecelibwustia. 

A DISA 55 MiO constant temperature bridge ie used 
to operate the hot-wire. The connecting cable resistance is 
compenssted using the zero ohme adjustment on the bridge when 
the probe is connected te a eseherting eaves The probe cold 
rescietance ic then measured on the decade counter. Fem 
Operation, the hot resistance is then cet using an overheat 
ratio of te. 

A DANTEC Model S56 N20 signal conditioner is used 
LG) CeCe lo es amplify, and low-pass filter bridge voltage 
outputer During measurements, the low-pass filter is set to 
1@ skies, the high-page filter is eet ta DC, and the gain is 


eet to i. A photograph of the bridge and signal conditioner 


it. 


Song Vien the vane motor drive and controller is shown in 
Beg. 26. 

The hot-wire is calibrated in the channel. 
Voltages from the hot-wire bridge are meagured using a 8O50A 
digital multimeter connected to the eignal conditioner. 
Thege voltages and corresponding velocities are recorded ag 
the flow velocity if varied, and then entered into the 
computer program "HWCAL” to obtain calibration coefficients. 
These coefficients are subsequently entered into the computer 
program "OQ SCOPE1" which determines inetantaneous velocity 
Variations and plots the results. 

e: Instantaneous Velocity Measurement 

The output from the signal conditioner is sent te 
a HP 6944 multiprogrammer/high speed data acquisition system. 
Date is collected by the high speed acquisition eystem using 
the HP S000 Series computer and the computer progrant 
mrOorTWIRE:”. The game signal from the signal conditioner isc 
Memeo tec ints = BRK Precision Oscilloscope. The high speed 
ecquisition system ig shown in Fig. 27. 

3. Smoke Wire Syetem 
A smoke wire if used to visualize flow patterns in 

ene straight channel. The wire was located at y/d values of 


meow, *+0O.84 and -O. 84, etretched across the channel in the 


transverse direction, where y if measured from the center of 
the channel height. The wire wae located just upstream of 
Beem previous position of the hot wire probe 23.422 m from the 


iL? 


exitweot the mmozzle (x/d = 27am) Thie was chosen tec obtain 
flow visualization resulte for x/d from 2935.0 te 3209) 20. 
= / Cae oOT, Sais. 2o So pgs ul a Se Here, = is measured from the 
center plane of the channel span (right is positive looting 
downetream), to give the same approximate streamwise location 
ase the hot-wire probe surveys. 

For the flow visualization, the nichrome wire (aemoke 
wire) is coated with paraffin based oil. The smoke-wire is 
connected to an A/C-D/C voltage adapter, which, when 
energized, sends current through the wire to produce a sheet 
OSaemMore which ie convected downstream in the channel. 
Voltage is applied to the wire by means of a Calrad 45-740 
(QO-13@ VAC) Gvariac e2 atioe, VAC. Fneroqizing the vwireiee 
accomplished by pulsing the "Momentary On” switch of thea 


Gs 


) 


itage adepter. The emoke wire soe ueec in the 
study isc shown in the photograph et Figaezea. 

The wire penetrates the side wall of the channel! 
through a 1.07 em diamnetereaenole- located 76.8 em upetream 
from the end of the straeigqk= test Ssecrtaa Using this hea 
the wire can be moved to y/d locatione from +0.84 to -0O. 84, 
where y is measured from the center of the channel. Adams 
leakage ie prevented by using modeling clay or a small cork 
to fill in the holes around the ware: 

4. Flow Visualization 
The video camera ueed for flow visualization in the 


etraight channel tis the same one used fer flow visualization 


in the curved channel. The camera ie positioned about 80 cm 
above the etraigqght channel on a tripod. The lens macro 
eetting was not ueed. The lene wae focused on the etraight 
channel in the area where the hot-wire probe had been 
previously placed (the hot-wire probe is not introduced into 
the channel during flow visualization). The same video 
system gain and filter settings ase the curved channel videos 
are ueed for the straight channel work. Maxell KCS20BQ 
videocassette tape is used for the flow visualization videos. 

Lighting ic¢ provided Ey two Berkey ColorTran 
Multibeam "650" Model LOF-6G& GS5S0W lights placed approximately 
1.016 m on either side of the channel anc at the same height 
ae the channel. The bottom of the channel is lined with 


Black paper to provide a contrasting background for the white 


enole generated from the emoke wire. To obtain the best 
poseible videos, Se) eee Oe AS ”6hpoerec6CUUTfhSD AShLUmUCE. UCBs 
possible from the camera’s field of view. Pog oee 22'a) and 
meeo) Show schematics Poo ee 2 sot ithe camera and 


Meagmting for the etraight channel. 

The photographic procedures used to obtain the etill 
photographe are the game as used for the curved channel work. 
The Nikon F-2 SLR camera was positioned approximately 85.1 cm 
from the TV ecreen. Kodaketri-% pan, 400 ASA film was used 
With optimal camera f-stcp and epeed settinge of f4 and 1/74 


eecond, reepectively. 
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IV. EXPERIMENTAL RESULTS 


A. FLOW VISUALIZATION IN A CURVED CHANNEL 
Flow visualization resgulte for the 40 to 1 aspect ratio 
curved channel are now presented. In each sequence of 


photographe in Figs. 30 through 45, time increases frome 


wee. Co ls Fach separate photograph in the sequence shove 
the conve: surface cf the channel at the top and the COmmawe 
SuUritace at the be creer. The spanwise extent of “esq 


photograph ile approximately 46 mm and the vertical exten 
each photograph te 12.7 mr. The sequences ehow the flow as 
it ie moving away from the obeerver. 

Photographic results for a Dean number of 75 at angular 
POSl21Chrs Ga e220 e «2 aa from the start of CuYrvature wae 
efirowrn in Fiche GCG Waters Yeepect iui The time interval 
between photagraphe in each of these efequences is 1/10 


eecond. Theee results are discussed further by Hughes aaa 


Plew characterdiet ico s tae Dean number of 753 and Giga 
from the start of curvature are studied hecause a variety of 
Dean vortex pair phenomena are observed. These include 
fairly eteady Dean vortex paire (over small time intervals), 
as well as pairs with considerable spatial unsteadiness 
resulting fron vortex pair appearance and vortex pair 


disappearance. 


tJ 
2) 


One mode of vortex pair disappearance is due to vortex 
cancellation. Thie occurs when a positive vortex and a 
negative vortex merge together, and then disappear. Except 
for vortex cancellation, a positive vortex does not generally 
merge with a negative vortex. Instead vortices of like sign 
generally merge together. In the flow visualization 
Bequencee, this i8 seen when a large vortex pair engulfs a 


emaller vortex pair such that one "petal" of the larger 


vortex pair surrounds the smaller pair. The smaller pair is 
then engulfed euch that vortices of like sign merge 
together. Another alternative has also been observed wherein 


smaller vortex pairs are enguifed into the stem of a larger 
wer ces: pair. 

Figures 22 through 41 show photo sequences for a Dean 
Memmeer Gf 2 ana an angular position 135° from the start of 
curvature. Theege figures are now discuggsed in detail. The 
time interval between photographs in each sequence is 1/20 
second. 

hea. cc Shows steady Dean vortex patre with™ very little 
Meteration over the total time period. Posey 33 shows the 
growth of a vortex pair forming from the concave wall which 
then merges with a vortex pair to its left. Fig. 34 ehows a 
vortex pair which ig becoming smaller and is then engulfed 
into the setem of a larger vortex pair. rig. co msaeve the 
Growth of a vortex pair which then engulfs an adjacent vortex 


pair. Fig. 36 alec shows a esmaller vortex pair engulfed by a 


ae: 


portion: of a larger Sai Also evident is the development of 
anew pair on the right-hand sides of the photographs. Page 
37 shows a smaller vortex pair being engulfed by the "petal” 
of a larger vortex pair. 

Fig. 38 initially shows a emall vortex pair in the center 
which gete emaller and then starts to tilt to the left until 
the stem is almost horizontal. A "petal" of the larger 
vortex pair to: theme re then surrounds and enguifs the 
emaller vortex pair. 

Fig. 393 shows complicated phenomena wherein a vortex pair 
or e2eome eimilar symmetric etructure initially appears to 
eplit. The resulting pair on the left is then eurrounded and 
engulfed by the "petal” of a larger varte Weare The 
resulting pair on the right appears to grow into a stronger 
vortex pair which then engulfs a weaker vortex pair to its 
eight. 

Fig. 40 shows a emalleér vortex pair being engulfed into 
the etem of a larger vortex pair. Fig. 41 ehows a vortex 
pair merging into the wall. 

Photographic resulta Bere. Dean number 100 at angular 
positions of 95°, 105°, 145° and 155° are esehown in Foe aeee 
through mas, reepectrully. The time interval in Figs. 42 and 
42, ie 1/716 second: For Figs. 44 and 45, the time interval is 
1/30 second. Theee results are discussed further by Hughes 


(Ret. Gee 


bd 
td 


B. STRAIGHT CHANNEL 
Experimental results for the etraight channel are 


preeented in two parte: (1) Inetantaneous Velocity Traces and 


Uneteady Flow Device Qualification and CZ) Flow 
Vieuvelization. 
oe Instantaneous Velocity Traces and Unsteady 


Flow Device Qualification 

Instantaneous velocity data are presented for 
velocities from 3 m/s to 10 m/s and vane speede from O to i.5 
mevoltutione® per eecond (rps). Data are also provided for a 
femem=apeeca Of 1.0 rps for velocities from 1.7 m/s to 4.2 m/e. 
Tables I anc IT list channel mean velocity (U), vane rotation 
meeauency, Reynolid= number (Re’ and Strouhal number (Str) for 
maeach run. 

Dee reste, the tfireset two numbers of the "Run Number” 


Qive the approximate flow velocity (Cin m/s) and the last twa 


mumbere give the vane rotation frequency en Pcs tiplied 
me 10). Tie “Smee value im the flow velccity position of the 
MeraeiumMses if fer the qeeYO7iharees Crane. -icCree peert trom 


Metonar tlow to turbulent flow with no impoeed unsteadinees. 
In Table Oo the a sO of the Run Number column 
indicates a vane epeed of 1.0 rps. The lest two numbers are 
used to designate eeparate data rune, But aloe give the 
approximate delta P (divided by 2) Seerese. the 1.9 inen 


Geer ice plate. 
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RUN10_00 
RUN IO 05 
RUNIO 10 
RUNIO_15 


RUNO_ 00 
RUNOS_05 
RUNOS” 10 
RUNO3_15 
RUNOB_ 00 
RUNOB_05 
RUNG 10 


ae 
ae 1%. 


RUNC7_00 
RUNO7_0S 
RUNG? 10 
RUNO7_15 


RUNGS_(X) 
RUNOS _05 
RUNOS_10 
RUNOS _15 
RUNOS_00 


RUNGE 05 
RUNGE 10 


TABEE TE. 


Velocity 


—_{a/s) 


10. 026 
10. 026 
10. 025 
10. 026 


So ae oe 
a oO-s> 
BPRS 
ru ’ 

Wor Fa re 


cn encagn 
SoS BER 
Ww SN ~l 


WWW WWW bP 
RAR 
SS ES 


e 
POorororn 
a 


Gd Ld a) 


CREAR 


EXPERIMENTAL CONDITIONS FOR 


INSTANTANEOUS VELOCITY TRACES 


Vare Rotation Reynolds Ne. 
{Re) 


Freq (rps) 


0.0 
0.0 


| tell ceed 
e *. 


HOD HME OD 
ChOUNO WD 


HOw & 


were OS 
s s « 


= —~re OO 
LNOlndS Motes CHO tn S 


s 


re OO 
LhOWO 


— pe > CD 
CNHDatne 


m— ee <> > 
owned 


8444 
B444 
8444 
8444 


7378 
7378 
7378 
7378 


Strouhal No. 
ae 


Ne Ursteadiness 
0.0040 
0. 0080 
0.0119 


Na Uristeadiness 
0.0044 
0.0083 
0.0133 


No Unsteadiness 
0.050 
0. 0100 
0.0150 


No Urnsteadiness 
0.0057 
0.0113 
0.0170 


No Unst eadi ress 
0.0068 
0.0136 
0.0203 


No Urnsteadiness 
0.0081 
0.0163 
0.0244 


No Ursteadiness 
0.010! 
0. 020! 
0.0302 


No Ursteadiness 
0.0122 
0, 0244 


FP 


0.0360 


No Unsteadiness 
0.0131 
0.0262 
0.0393 


Coamer:t s 


Turbulent 
Turbulert 
Turbulent 
Turbulert 


Turbuleri 
Turbulent 
Turbulent 
Turbulent 


Turbulent 
Turbulent 
Turbulerit 
Turbulerit 


Turbulent 
Turbulerit 
Turbulerit 
Turbulerit 


Turbulent 
Turbulent 
Turbulerit 
Turbulent 


Turbulent 
Turbulert 
Turbulerit 
Turbulerit 


Turbulerit 
Turbulerit 
Turbulent 
Turbulent 


Laminar 


Intermittent 


Turbulert 
Turbulerit 


Laminar 
Laminar 


Intermittent 


Turbulent 


Kur 


RUNVI 13 
RUNVI {2 
RUNVI 15 
RUS 10 
RUNV! 09 
RUNV1 08 
RUNV! 07 
RUNV1_06 
RUNV! 05 
RUN! 04 
RUNV1 03 
RUNV! 02 


TABLE Il. 


Velocity 
(m/s) 


4,2 
4,1 
é.3 
3.75 
3. Ou 
3.4 
Sei 
eed 
c.f 


ec 
2.45 


ov 


edi 


EXPERIMENTAL CONDITIONS FOR 


INSTANTANEOUS VELOCITY TRACES 


Vare Rotation Reyncids Ne. 

Freq (rpe, (Re) 
ic 3537 
ed 3455 
le 3284 
1.0 3158 
1.0 2930 
1.0 2863 
1.0 coi 
1.0 e442 
10 2774 
1.0 e063 
1.0 1684 
1.0 143¢ 
ReynoldsNumber = 


StrouhalNumber = 


wd 
U 








Strouhal} No. 
(Str) 


0. 0130 
0.0195 
0. 0205 
0.0213 
0. 0225 
0. 0235 
0. 0257 
0.0275 
0. 0295 
0,0scc 
0.0395 
0. 0463 


s _ 2nd, 


U 


Commmerit 

Turbulent 
Turbulent 
Turbulent 
Turbulent 
Turbul ent 
Turbulent 
Turbulent 


Turbulent 


Intermitter+ 


Laminar 
Laminar 


Lamirar 


Figs. 46 through S35 show graphs of instantaneous 
Veloci uy. The game coding eystem used in Tablee I and II for 
the "Run Number” isc also used here. The time for each graph 
begins 10 seconde after the start of data collection and 
Gentinvies Ler 215 f£e€eevec. 

Figs. 46 through 532 all show turbulent behaviorwiae 
vane epeede of 0.0, ©.3, 22.0 and Lease ree in Ficeg 33 (a ) ) ee 
a vane epeed of 0.0 rps, the flow ie laminar with some 
inter mijpency . rag). Sila) (0.3 rps) Showe significant 
intermittent unsteadiness and turbulence which is occurring 
during the decelerating portion of each phase of the inpoeoed 
oscil latver-. Paige. Sse) and S2¢d) (vane speede of 1.0 and 
1.5 rps, respectively) again show turbulent behavior. 


Fig. 54a) (0.0 rps) shows laminar behavior. In Files 


S4¢>p) Cem YDS "7a elight sinusoidal oscillation if evigere 
with some emall turbulence £fluctuat tone. In” Patter 54(c) (ila 
Cece the flow eshows significant intermittent unsteadinescse 
anc turbulence which seems to be occurring during 


particular portion of the phase of the imposed oscillation. 
Fig. S4¢d) (1.5 rps) shows turbulent benaview 

Fig. SS chows data for a vane speed of 1.0 rps ane 
different flow velocities. Turbulent behavior is shown in 
Figs. 9930s) thvewon Satie Fics Sic) ie shows intermittent 
unsteadinescs and turbulence which occurs during ieee 
decelerating portion of each imposed oscillation. Figes 


55°43) through 551‘ show sinusoidal flow oscillations Waa 


Mery emall amount of turbulence. The amplitudes of theese 
turbulent fluctuations increase with vane epeed. 
as Flow Visualization 


Flow visualization results for the 40 to 1 aspect 


ratio etraight channel are now discussed. In each photograph 
sequence shown in Figs. 26 through 63, time increases from 
mom to bottom. In cases where there are two sets of 


sequences to a page, the time begins at the top left 
photograph and ends at the lower right photograph. The 
Spanwice extent of each photograph if approximately 240 mm 
and the Fongacvucinal extent eng eact. BHOLOoGrash As 
eeeroximately 181.5 mm: The dark line et the bottom left of 
each photograph indicates the location of the hot-wire probe 
vueed for inetantanecus velccity trace measurements. The 
probe was not in the flow as visualization sequences were 
meimec. ese nWevaing trom the bottom of each photograph to 
fmne top. The time interval between photographs in each 
sequence ic 1/30 eecond. 

ie) Ww YIcua lee tion resulte show a variety of 
transition phenomena ieee sn - i) three-dimeneional 
Tolimien-Schlichting waves, (2) Lambda waves, (3) Lambda 
vortices, (4) vortex type motion, (5) turbulent spote and (6) 
meily turbulent flow. 

Nebo aot eeneimel mean “welocity, vane rotation 
frequency, Reynolde number, Strouhal number and y/d for each 


See nce Of photographe in Figs. S36 through 632. 


TABLE III. FLOW VISUALIZATION 
EXPERIMENTAL CONDITIONS 


Velocity Vane Rotation Reynolds No. Strouhal No. 


Figure # (m/s) Freq (rps) (Re) (Str) y/d 
<=) 2.8 1.0 Sus? 0.0190 +0, 84 
ul $.0 1.0 Saas 0.0195 0. % 
xs) 3.1 ae 5284 0. 0205 +0), 84 
v9 3.2 1.0 3158 0.0213 +), B4 
60 asl 1.5 exyx) 0. 0225 0.00 
61 rae 1.5 2863 0.0235 +0), 84 
62 2.8 1.5 eb ii 0. 0257 +0. 84 
63 c.g 1.5 2442 0.0275 +0), 84 


Figs. S6 through S59 are photographic sequences Demea 
vane rotation frequency Jot Sloe pe. Fig. S56 is for sa aiiiee 
velocity of 2.8 m/s at a yd Gt ere Wavy three- 
dimensional Tollmien-Schlichting waves are evident. Fig. jaa 
is for a flow velocity of 3.0 m/s at the center of the 
channel. Here two Lambda vortices are seen to convect 
downetream. A turbulent/laminar wave front is shown in Fig. 
5&8 for a flow velocity of 3.1 m/s and a y/d of +0. 84. Fige 
599, for a flow velocity of 3.2 m/s ata y/d ot +0, 64580 
turbulent flow with a wavy etructure convecting downstream. 

Figs. 60 through 63 are photographic Bequences for a 
vane rotation frequency of 1.5 rps. Fics 60, for a iteyw 
Velocity Of50 2.16 m/s at the center height of the channel, 
shows Lambda wavee and Lambda vortices convecting downstream. 


Fig. 61 is for a flow velocity of 2.7 m/s and a y/d of #0Oneae 


28 


Here, Foy laminar motion ie obgeerved. Three-dimenecional 
Tollmien-Schlichting waves are evident in Fig. G2 for a flow 
memeecity of 2.8 m/e at a y/d of +0. 84. hiGgaecoe, afer a + low 
velocity of 2.9 m/e and a y/d of +0.84, showe turbulent flow 


including a number of a turbulent epote. 


VV. ,€GHELUSTERS 


A. CURVED CHANNEL 

In the curved ehawnmet, video movies and photographic 
eequencee of smoke patterns in spanwige/radial planes show 
uneteady Dean vortex pair behavicr. In particudaw 
information if provided on mechanieme by which vortex pairs 


appear and disayppeer. 


B. STRAIGHT CHANNEL 


For the range of imposed unsteadinesese that was studied in 


r+ 


he straicht channel, inetantaneouse velocity tracece show that 


transition occurs at a Reynolds number of approximately aaa 


x 


fthout unsteadiness. Wah imposed sinusoidal unsteadinesse 


{ a Strouhal number of Q.0Q28 and 7% peak to peak ampli umes 


pi 


(Weve ve. te the mean Sei 2 transition occurs (ace 
Reynolds number of approximately 22300. 

Flow visualization results in the straight channel eiee 
Cifferent stages ot. tranokaon, ing Pugin G- Cis three- 
dimenegional Tolimien-Schlichting waves, (2) Lambda waves, (3) 
Lambda vorticies, (4) vortex type motion, (3) turbulent peg. 


and (G6) futly tus putenr ss vow. 
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Schematic of Curved Channel Test Facility 
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Schematic of Unsteady Device 
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Schematic of the Smoke Generator 


Figure asic. 





sabe] 0 


OsUTA 


x 


NWOLLSEAESS4ao 
TRASIA 


Radial-Spanwise Plane 
Flow Visualization 
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Photography Set-up 
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MASS FLOW (kg/sec) 


MASS FLOW 


y = 1.6665e-2 + 7.6213e-3x - 3.5705e-4x*2 + 8.32966-6x*3 R*2 = 1.000 
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Figure 18. Mass Flow Rate vs. Orifice delta P 


(for delta P > 2.25 anehes oct vwacer. 
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VELOCITY (m/sec) 


VELOCITY 


y = 2.0822 + 0.9505/7x - 4.4430e-2x*2 + 1.0346e-3x*3 R*2 = 1.000 
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REYNOLDS NUMBER 


REYNOLDS NUMBER 


y = 1695.0 + 773.93x - 36.179x*2 + 0.84255x*3 R*2 = 1.000 
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Figure 20. Reynolds Number vs. Orifice delta P 


(for delta P &2 22S inches of Svaeec. 
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Figure 246: Instantaneous Velocity Traces (Re=8444) 
(a) No Unsteadiness (b) Str=0.0040 
(c) Str =0700e8 (c) Str=0. Glee 
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Figure 48. Instantaneous Velocity Traces (Re=6729) 
(a) No Unsteadiness (¢(b) Str=0.0050 
Ce) Str-O07e6re6 (c) Str=O708s5 
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Pagure 49. Instantaneous Velocity Traces (Re=5943) 
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Figure 52. Instantaneous Velocity Traces (Re=3343) 
(a) No Unsteadiness (b) Str=0.0101 
Ce) Str=0. O26) (c) Str=O7GgEeZ 
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APPENDIX B 


SOFTWARE DIRECTORY 


This Appendix gives a listing of the various progres 
used in this thesis. Fach program listing contains a summary 
of how the program is used, user inputs, program outputs and 


additional features, if any. 


I. CURVED CHANNEL 


A. DEANILS 
Program to sample orifice pressure drop and calculate 
Dean number. 
user input: a) ambient preeeure in inches ot water. 
b) ambient temperature tabs temperature 
measured by a transducer). 
program Guteuc. a) mass flow rate. 
EP) orifice preseure dro 
c) Reynolde number. 
qd) Dean number. 
additional features: Aallowe user to adjust throttie valive 
(flow rate) and then recalculates the 


Dean number. 


\D 
NY 











aes STRAIGHT CHANNEL 


A. DEANIS (or DEANIO) 

Same program used for the curved channel but here it ig 
used to sample orifice preegeure drop and calculate mages flow 
rate, velocity, and Reynolde number (DEANI5 used for 1.5 inch 
Smt ice plate, DEANIO used for 1.0 inch orifice plate). 
weer input: a) ambient pressure in inches of water. 

b>) ambient temperature (or temperature measured 
By a Bm~ranscauce,). 
Program output: a> mace flow rate. 
Bb? Velocity. 


c) Reynolde number. 


B. HOTWIRE: 


Program to cfample hot-wire voltage eignaele usine & 
HP6944A high speed data acquisition eyetem. 
user input: campline frequency. 
program output: data file of inetantaneous voltage values. 


cz HWCAL: 

Program 
het-wire probege. 
program 
user input: e ) 
b) 
ey 


d) 


e) 


i) 


program output: 


D. O_SCOPEL: 


used 


oe calculate calibration coefficients tee 


The coefficiente are ueed in the plotting 


"Q SCOPE1L". 


ambient temperature (°C). 


ambient pressure (millibare). 
orifice delta P in inehes eciowecer 


measured hot-wire mean voltage with no flow. 


hot-wire 
voltmeter 


mean voltage reading from a 
(with, st lowee 


number of =pein co. 


a) EOC (calibration coefficient). 


b) B (calibration aoetrfte2-7 


Program which converts hot-wire instantaneous voltages to 
inetantaneous velocities and plote velocity ve. time. 
user input: a) values of EOQC and B (from HWCAL). 
r) time to begin plotting (petntenu 2a 
ed. stotal time range to plot (point number 
determined sepeteniy frequency ox data 
SBcouilsSt tt on Ie 
program output: velocity vs. time plot. 
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